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Edited by Maurice MontalAbstract Antifungal lipodepsipeptide syringomycin E (SRE)
forms two major conductive states in lipid bilayers: ‘‘small’’
and ‘‘large’’. Large SRE channels are cluster of several small
ones, demonstrating synchronous opening and closure. To get in-
sight into the mechanism of such synchronization we investigated
how transmembrane potential, membrane surface charge, and io-
nic strength aﬀect the number of small SRE channels synchro-
nously functioning in the cluster. Here, we report that the
large SRE channels can be presented as 3–8 simultaneously gat-
ing small channels. The increase in the absolute value of the
transmembrane potential (from 50 to 200 mV) decreases the
number of synchronously gated channels in the clusters. Volt-
age-dependence of channel synchronization was inﬂuenced by
the ionic strength of the bathing solution, but not by membrane
surface charge. We propose a mechanism for the voltage-depen-
dent cluster behavior that involves a voltage-induced reorienta-
tion of lipid dipoles associated with the channel pores.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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An association of several conductive units (pores) in a syn-
chronously functioning complex or cluster is an important fea-
ture of native ion channels [1–8], as well as channels formed by
cytolytic toxin molecules [9–11]. Despite many studies, the
mechanisms underlying synchronization of elementary chan-
nels in clusters are still largely elusive.
To address this question, we studied the cluster organization
of the pore forming toxin syringomycin E (SRE) [12–21].
When incorporated into planar lipid bilayers, SRE forms
two types of voltage-gated ion channels with small and largeAbbreviations: SRE, syringomycin E; PC, 1,2-diphytanoyl-sn-glycero-
3-phosphocholine; PS, 1,2-dioleoyl-sn-glycero-3-phosphoserine; PE,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; PS/PE, an equimolar
mixture of PS and PE
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identical by ion selectivity and polymer exclusion properties,
i.e., have identical inner radii [14,15], which led us to conclude
that the ‘‘large’’ channels are clusters of the ‘‘small’’ ones. At
one-sided SRE addition the kinetics of channel opening (or
closure) and the channel conductance are strongly voltage
dependent and pronouncedly asymmetric [15,22].
Here, we report that the number of synchronously function-
ing small channels in clusters depends on the transmembrane
voltage and the electrolyte concentration in the membrane
bathing solution. We propose a mechanism for the voltage
dependent cluster behavior of the SRE channels that involves
a voltage-induced reorientation of lipid dipoles associated with
the channel pores. SRE-channels share similar features with
other toxin and native ion channels suggesting that diﬀerent
ion channels may share similar mechanisms of synchronous
opening of elementary channels in the cluster.2. Materials and methods
All chemicals were of reagent grade. Synthetic 1,2-diphytanoyl-
sn-glycero-3-phosphocholine (PC), 1,2-dioleoyl-sn-glycero-3-phospho-
serine (PS), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PE)
obtained from Avanti Polar Lipids (Pelham, AL). Water was distilled
twice and deionized. All solutions were buﬀered with 5 mM MOPS,
pH 3.0 or 6.0. SRE was puriﬁed as previously described [12].
‘‘Solvent-free’’ planar lipid bilayers were made according to mono-
layer-opposition technique on a 50–100-lm-diameter aperture in the
10-lm thick Teﬂon ﬁlm separating two (cis and trans) compartments
of the Teﬂon chamber [23,24]. To prepare uncharged membranes we
used PC, and negatively charged membranes were made of an equimo-
lar mixture of PS and PE (PS/PE). The aperture was pretreated with
hexadecane in n-hexane (1:10, v/v) or squalene. The voltage diﬀerence
across the bilayer was applied with a pair of Ag–AgCl electrodes in
2 M KCl, 1.5% agarose bridges. Virtual ground was maintained on
the trans side of the bilayer. SRE was added to the aqueous phase of
the cis compartment from water stock solutions 1 mg/ml after bilayer
formation, yielding a ﬁnal concentration 1 lg/ml. Transmembrane
currents were recorded with the custom-made ampliﬁer and digitized
with pClamp-compatible board. Data collecting was performed with
5 kHz sampling frequency and low-pass ﬁltering at 200 Hz. Data were
analyzed using pClamp 9.0 (‘‘Axon Instruments’’, USA) and Origin
7.0 (‘‘OriginLab’’, USA). All experiments were carried out at room
temperature.
Current transition histograms were constructed for all tested volt-
ages. Routinely, the amplitude of the current transition was calculated
as the diﬀerence between average current values of 100 ms records col-
lected just before and just after the current transition. A ratio n/Nh wasation of European Biochemical Societies.
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ations corresponding to a particular current level; N is the total num-
ber of ﬂuctuations; h is the bin size. The bin width of histograms was
chosen according to Sturgess formula [25]. The total number of events
used for the analysis was 500–2000. Histogram peaks were ﬁtted with
the normal density function. The distribution hypothesis was veriﬁed
by v2-minimization (P < 0.05). Multiplicity factor of a given peak (k)
was deﬁned as a ratio of the mean value of current to that of the small-
est current step observed. The area under the peak-approximating
curve used to calculate the probability of a certain level of current ﬂuc-
tuations. In order to distinguish between synchronous openings of sev-
eral small channels in a cluster and random openings of several small
channels we used the statistical approach described by Kaulin et al.
[14].3. Results and discussion
Several levels of current ﬂuctuations were visible in sample
records from the SRE-modiﬁed PS/PE membrane bathed in
0.1 and 1 M NaCl (Fig. 1A and B, respectively). The open life-
time of the large channels appeared to be greater than that of
the small ones. These diﬀerent current levels were also well de-
ﬁned in the current transition histograms at numerous mem-Fig. 1. Current ﬂuctuations corresponding to opening and closure of
elementary SRE-channels and clusters. The membranes were made
from PS/PE and bathed in (A) 0.1 M NaCl, pH 6; application of
150 mV is indicated by arrow. (B) 1 M NaCl, pH 6, transmembrane
voltage was 100 mV. The intervals between the dashed lines are equal
to the amplitude of elementary SRE channel at given V.brane potentials (Figs. 2 and 3). The peaks corresponding to
the smallest absolute mean value of the current amplitude were
attributed to an activity of the elementary (small) SRE chan-
nels. The peaks with the amplitude diﬀerent from the smallest
absolute mean current by a factor of two (or multiplicity factor
k = 2, see Section 2) can be interpreted as a random simulta-
neous opening of two small channels. Other current peaks
on the histograms (k > 2) cannot be explained by stochastic
coincidence of channel opening/closure [14] and, thus, they
correspond to the activity of clusters, i.e., to the synchronous
opening/closure of k small SRE channels.
It was observed that the number of small channels synchro-
nously opening in a cluster was strongly dependent on the
transmembrane potential (V) and bathing solution composi-
tion. The histograms in uncharged (PC)-membranes bathed
in 1 M NaCl (pH 6) at ±50 mV (Fig. 2A and B) revealed the
peak corresponded to the synchronous opening/closure of six
small channels (k = 6). Increasing the absolute value of the
membrane potential to ±200 mV reduced the number of simul-
taneously gated small channels to 3–4 (Fig. 2C and D). Similar
results were obtained for charged PS/PE membranes bathed in
1 M NaCl, pH 6 (histograms are not shown). Tenfold reduc-
tion of the salt concentration (0.1 M NaCl) changes the eﬀect
of V on SRE channel synchronization regardless of the mem-
brane surface charge. As shown in Figs. 1 and 3, application of
a positive V results in appearance of clusters with k equal to 3
and 4, but at negative voltage of the same absolute value
(150 mV), k = 7.
At diﬀerent membrane voltages current transition histogram
may show a number of peaks with k > 2 as seen in Figs. 2C, D
and 3A. In order to trace the V-dependence of the number of
synchronized small SRE channels in a cluster, we introduce the







where k is the multiplicity factor of the peak corresponding to
synchronous opening/closure of k small channels; qk is the area
under the kth peak, qk=
P
k>2qk is a normalized probability of
synchronous functioning of k elementary channels, and
k  qk=
P
k>2qk is a product of multiplicity factor and statistical
contribution of corresponding current level.
From m vs. V relationships (Fig. 4), it follows that the in-
crease in the membrane voltage absolute value leads to a
reduction in the number of synchronously functioning small
channels (in both 0.1 and 1 M NaCl solutions) under diﬀerent
experimental conditions. The fact that the m value is strongly
voltage-dependent allows us to speculate that some charged
residues in the channel complex control synchronous open-
ing/closure of the small channels in the cluster. This charge
might be donated by either SRE, which is positively charged,
or lipid molecules that are shown to be involved in the channel
formation [26].
To analyze the relative contributions of the SRE and mem-
brane lipid charges to the voltage-dependence of m, we studied
m–V relationships in the presence and absence of the mem-
brane surface charge or when charges of both SRE and lipid
molecules are screened by a high electrolyte concentration
(Fig. 4). When membranes were bathed in 0.1 M NaCl, a
prominent asymmetry in the sign of V was observed (curve
1, Fig. 4), and there were no signiﬁcant changes in the voltage
Fig. 2. Current transition histograms of SRE-induced current ﬂuctuations measured at diﬀerent voltages at 1 M NaCl, pH 6. (A) 50 mV; (B)
50 mV; (C) 200 mV; (D) 200 mV. The membranes were made from PC. The lines represent the best-ﬁts assuming a normal distribution, k is the
multiplicity factor.
Fig. 3. Current transition histograms of SRE-induced current ﬂuctuations at 0.1 M NaCl, pH 3. (A) 150 mV; (B) 150 mV. Membranes were made
from PS/PE. The lines represent the best ﬁts assuming a normal distribution; k is the multiplicity factor.
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tively charged or uncharged membranes. Furthermore, an
indistinguishable curve was obtained with PS/PE membranes
bathed in 0.1 M NaCl solution at pH 3, where the negative
charges of serine residues of PS are titrated by this low pH.
These ﬁndings argue against the possibility that membrane
charge contributes to the voltage dependence of synchronized
gating of the cluster.
As mentioned above, the other possibility of voltage depen-
dence of channel gating synchronization lies in a charge move-
ment contributed by SRE molecules. At the higher NaCl
concentration of 1 M the m vs. V curve was symmetrical withrespect to V for channels formed in membranes composed of
either charged (Fig. 4, curve 2) or uncharged lipids (data not
shown). Indeed, curve 2 shows that the m value depends on
the absolute value of the membrane potential, but does not
sense its polarity. With 1 M NaCl the charged groups of
SRE molecules are screened. Therefore, the data support the
notion that the charges donated by the channel-forming SRE
are responsible for the asymmetry of the m–V curve. At the
same time, the observation of the voltage-dependence of clus-
ter synchronization at high ionic strength suggests that charges
of SRE molecules are not directly involved in SRE cluster
synchronization. This leaves us with the question: what other
Fig. 4. Voltage-dependence of the mean normalized number of
synchronously operating small channels (m) in the cluster. Symbols
are the means from three to ﬁve experiments. Bathing solution: 0.1 M
NaCl (curve 1), 1 M NaCl (curve 2).
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voltage-dependence of the SRE cluster behavior?
We have previously shown [26] that dipolar ‘‘heads’’ of the
membrane-forming lipids can provide a signiﬁcant impact to
the voltage gating of the SRE channel. This result, combined
with the present observation that channel charges do not sig-
niﬁcantly aﬀect the cluster behavior, suggests that the impact
of lipid dipoles on the cluster opening/closure is possible.
We, therefore, speculate that at small voltages lipid dipoles in-
volved in the channel structure are speciﬁcally oriented and do
not prevent synchronous opening or closure of all the small
channels in a cluster. This results in the appearance of clusters
with maximal k value (kmax) (up to 8). Application of a high
membrane voltage may change the lipid dipoles orientation
and destabilize joined gating particles of the single channels
in the cluster. This would explain the existence of clusters with
k < kmax. In other words, the SRE-cluster consists of at least
kmax small channels and application of the membrane voltage
promotes desynchronization of small channels operating in the
cluster. Overall, we assume that the SRE-cluster can operate as
a small or large channel(s) and the multiplicity factor of the
large channel conductance is regulated by the transmembrane
potential.
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